Eight oligonucleotides which are complementary to conserved tracts of 16S rRNA from phylogenetically defined groups of methanogens were designed and characterized for use as hybridization probes for studies in environmental and determinative microbiology. The target-group specificity and temperature of dissociation for each probe were characterized. In general, the probes were very specific for the target methanogens and did not hybridize to the rRNAs of nontarget methanogens. Together, the eight probes circumscribe methanogens now represented in pure culture (with the exception of members of the family Methanothermaceae). Three probes are order specific; two identify members of the order Methanobacteriales, and one is specific for the order Methanococcales. The fourth probe encompasses three families belonging to the order Methanomicrobiales, the third order within the current classification. The fifth probe is specific for the remaining family within this order (Methanosarcinaceae). Three additional probes encompass different genera within the Methanosarcinaceae.
The ecology of microbial populations and communities in natural and engineered anaerobic systems remains largely unexplored. For example, complete identification and quantification of all contributing populations in complex anaerobic systems, which is needed to establish the link between microbial structure and function (i.e., metabolic activity), have not yet been achieved. The lack of studies rigorously connecting microbial structure and function is, at least in part, due to the limitations of traditional identification and enumeration techniques, such as selective enrichment, pure-culture isolation, most-probable-number estimates, and determinative identification schemes. The major limitations of these traditional techniques are that only a relatively small fraction of the microorganisms making up a natural community can generally be cultured, and those that can be cultured are often difficult to identify. These problems are exacerbated in studies of fastidious anaerobes; because of their low growth rates and obligate anaerobiosis, methanogens are among the microorganisms that are most difficult to study by culture-based techniques. In contrast, the molecular-phylogenetic framework provided by comparative rRNA sequencing has given a basis for describing the community structure of natural microbial communities at the level of populations and even single cells (for reviews, see references 28, 30, 39, 40, 47, and 48) without the limitations imposed by pure-culture isolation and biochemical identification. For example, oligonucleotide hybridization probes and PCR primers have been designed to identify individual species or members of phylogenetically coherent groups with either variable or conserved tracts of the rRNA sequence as hybridization targets (2, 18, 46) . By this approach, it is generally possible to select the level of probe (or primer) specificity (e.g., species or genus specific). Thus, the combined use of traditional culture-based and microscopic techniques, chemical analyses, and the emerging molecular techniques should serve to better link microbial structure and function.
This general molecular approach was first demonstrated for ecological studies of the microbial communities of the gastrointestinal tracts of ruminants and nonruminants (3, 25, 27, 39, 41) . The extent of hybridization of radioactive probes to nucleic acids extracted from microbial communities has been used as a measure of relative and absolute population abundance (as inferred from ribosome abundance) (41) . In addition, the use of fluorescent-dye or enzyme-conjugated probes for hybridization to the nucleic acid present in whole cells has been used to visualize single cells constituting specific populations in natural samples (4, 46) . Whole-cell hybridization techniques have also been used to study the spatial positionings of various members of microbial communities (references 4 and 38 and unpublished results) and to estimate the in situ growth rates of natural populations (33) .
More recently, we have used this approach to study the microbial ecology of the communities responsible for the terminal steps of the anaerobic degradation of organic material in the presence or in the absence of sulfate. In the presence of sulfate, sulfate-reducing bacteria (SRB) are usually the most important final scavengers of electrons in anaerobic degradation. A set of hybridization probes for quantifying different groups of the gram-negative mesophilic SRB was previously described (14) .
In addition to SRB, methanogens are critical components of many anaerobic microbial ecosystems and participate in the terminal steps of organic material degradation in the absence of electron acceptors, such as sulfate, nitrate, and Fe3+, or when electron acceptor diffusion is limited. The methanogens are a phylogenetically coherent group within the Euryarchaeota kingdom, which, together with the Crenarchaeota, constitute the domain Archaea (51) . The methanogens were the first microbial group to have their taxonomy based on the phylogeny inferred from 16S rRNA sequence divergence (5 Methanosarcina species were grown at 37°C (M. thermophila TM-1 was grown at 55°C) in anaerobic standard medium 3 (5), to which methanol was added to a final concentration of 0.3% after autoclaving. Serum bottles were depressurized daily to remove CH4. Methanobacterium species and M. smithii PS were grown at 37°C (M. thermoautotrophicum AH and M. wolfei were grown at 60°C) in a medium containing (ingredients were added to distilled water to give a final volume of 1 liter) 37.5 ml of mineral medium 1 (5), 37.5 ml of Balch mineral medium 2 with 10x Ca (1.6 g of CaCl2 * 2H21 per liter [5] ), 2.0 g of yeast extract, 2.0 g of tryptone (Difco Laboratories, Detroit, Mich.), 3 .0 g of sodium formate, 2.5 g of sodium acetate, 1 ml of 0.2% FeSO4 -7H20, 1 ml of 0.1% resazurin (wt/vol), 10 ml of trace vitamins (5) , and 6 g of sodium bicarbonate. The serum bottles were pressurized (28 lb/in2) twice a day with 80% H2-20% CO2 and shaken continuously.
The cells were harvested by centrifugation (6,000 x g for 12 min at 4°C). The supernatant was decanted, the cells were resuspended in 10 ml of fresh medium, and the suspension was transferred into disposable 15-ml conical centrifuge tubes. Following centrifugation at high speed (47,800 x g for 30 min at 4°C), the supernatant was removed and the pellet was immediately frozen on dry ice. The cells were stored at -80°C until they were used for nucleic acid extraction.
Total nucleic acids were recovered from the cells by phenolchloroform extraction and then by ethanol precipitation (41) . The concentrations of the recovered nucleic acid were measured spectrophotometrically, assuming that 1 mg of RNA per ml was equal to 20 optical density units at a wavelength of 260 nm.
Nucleic acids from other methanogens were obtained from the collection of C. R. Woese (Department of Microbiology, University of Illinois at Urbana-Champaign).
16S rRNA-targeted hybridization probes. Oligonucleotide hybridization probes were designed by using a reference collection of 29 complete and partial 16S rRNA sequences of methanogens. Phylogenetic relationships based on 16S rRNA sequence comparisons of these 29 methanogen species were used to define target groups. The 16S rRNA sequences were scanned for conserved nucleotide tracts unique to each group. Oligonucleotides complementary to these tracts were fabricated by using a DNA synthesizer (Applied Biosystems, Foster City, Calif.) and were purified by high-performance liquid chromatography (University of Illinois Biotechnology Center Genetic Engineering Facility). The sequences for ten methanogen group-specific probes, as well as those for two probes complementary to the 16S rRNAs of the Archaea (ARC915 and ARC344), are given in Fig. 1 . Probe ARC915 has been previously described (40) .
Optimization of wash temperature. Reference nucleic acid, extracted from pure cultures of methanogens, was denatured by the addition of 3 volumes of 2% glutaraldehyde (Sigma) in 50 mM sodium phosphate (pH 7.0) to 1 volume of stock nucleic acid (100 jig/ml). Following incubation (10 min) at room temperature, the nucleic acid was diluted to 1 jig/ml with (40) . Baked membranes were prewetted in hybridization buffer [0.9 M NaCl, 50 mM sodium phosphate (pH 7.0), 5 mM EDTA, 1Ox Denhardt solution (37), 0.5% sodium dodecyl sulfate (SDS), 0.5 mg of poly(A) per ml] and placed in screw-cap hybridization tubes (Robbins Scientific, Sunnyvale, Calif.). Approximately 10 ml of hybridization buffer was added to each hybridization tube. Membranes were incubated (prehybridized) for 2 h at 40°C in a rotating incubator (Robbins Scientific) before the addition of labeled probe in a volume of less than 1 ml. Incubation was continued for 14 to 18 h at 40°C, after which the membranes were washed in 100 ml of 1% SDS-1 x SSC (0.15 M NaCl plus 0.015 M sodium citrate [pH 7.0]) for 2 h at 40°C (after 1 h, the wash solution was changed). The membranes were then removed from the hybridization tubes and cut into separate individual hybridized blots. The individual blots were washed for 30 min in 1% SDS-1 x SSC at the indicated temperatures.
The membranes were dried, and, following exposure and development of X-ray film (Kodak XRP; Eastman Kodak Co., Rochester, N.Y.) to localize individual hybridized blots, the amount of probe remaining in association with the membrane at each wash temperature was quantified by liquid scintillation counting. The temperature midpoint of the transition between the duplex structure (oligonucleotide bound to complementary sequence) and the dissociated single-stranded target was defined as the temperature of dissociation (Td). For two probes (MB314 and MS1242), the Td study was repeated with different concentrations of formamide (20, 30, 40 , and 50%) in the hybridization buffer (other ingredients were at the concentrations earlier specified).
For probes MC1109 and MS1414, an alternative method was also used to determine the Td. Hybridization and initial washes at 40°C were done as described above. The membranes were then removed from the hybridization tubes, and each hybridized blot was washed in 3 ml of 1% SDS-1 x SSC (in a 7-ml polyethylene scintillation vial) for 10 min at the first temperature (25°C). The membrane was then removed and washed for 10 min at the next temperature in a new scintillation vial filled with 3 ml of wash solution. Subsequent washes of the same membrane were performed at increasing temperatures, until no additional labeled probe was released. Three milliliters of scintillation cocktail (Ecoscint, National Diagnostics, Manville, N.J.) was added to each vial, and the amount of probe released at each temperature was quantified by liquid scintillation counting.
Probe specificity studies. The specificity of the oligonucleotide probes for intended target groups was examined by using membranes blotted with nucleic acid from 22 methanogens (target and nontarget) and 2 nonmethanogenic Archaea. The wash temperature used for each specificity experiment was the previously determined Td. The order of nucleic acid application to the membrane in relationship to probe target groups is shown in Fig. 3 .
RESULTS AND DISCUSSION Probe design. The design of oligonucleotide probes was based on the phylogeny of methanogens inferred by 16S rRNA sequence analysis (36) . The methanogenic groups for which oligonucleotide probes were designed are listed in Fig. 1 . Probe design also included a search of nontarget group complementarity using the rRNA data base (24) and the BLAST network service (1) . Target species with mismatches between the probe and the corresponding 16S rRNA sequence and nontarget species with zero, one, or two mismatches are reported in Table 1 . In general, there were few nontarget species with only one or two mismatches in their 16S rRNAs; nontarget species mostly had three or more mismatches, putatively making the probes specific for the intended target groups. A possible problem with probes ARC344 and ARC915 is that several archaeal 16S rRNAs have one mismatch with these probes. However, the position and composition of the mismatch influence the extent of hybrid destabilization, and these probes have been demonstrated to hybridize to most Archaea under the designated hybridization conditions (detailed below). With the rRNA data base (24) , it was determined that six of the eight available 16S rRNA sequences of Methanosaeta species may have a deletion in the region of complementarity for probe MX825. However, this deletion is not consistent with the secondary structure of the 16S rRNAs of the other methanogens. In addition, this deletion was not reported for the 16S rRNA sequence of Methanosaeta sp. CALS-1 by Rouviere et al. (36) , whereas Kamagata et al. (23) described a deletion in the 16S rRNA sequence for the same strain (24) . Resequencing of this 16S rRNA region for several Methanosaeta species may be necessary to resolve this ambiguity.
Together, the probes circumscribe the characterized methanogens (with the exception of the Methanothermaceae and the hyperthermophilic isolate, Methanopyrus kandleri). The general Archaea probes (ARC915 and ARC314) also encompass most nonmethanogenic Archaea (the genera affiliated with the Crenarchaeota kingdom and the Thermoplasmales, Archaeoglobales, Thermococcales, and extreme halophiles, which, with the methanogens, constitute the Euryarchaeota kingdom [51] ). A specific goal in the probe design was to distinguish between acetate-and H2-C02-consuming methanogens. Therefore, several probes were designed to encompass different groups within the family Methanosarcinaceae.
Probe MB314 encompasses the order of Methanobacteriales (except for the Methanothermaceae). Since this probe did not perform as expected (see below), two new probes (MB310 and MB1174) were designed to detect the methanogens belonging to this order. Probe MCI 109 is specific for the order Methanococcales (this probe has one mismatch with Methanococcus jannaschii). The third order, the Methanomicrobiales, encompasses a phenotypically and phylogenetically more diverse assemblage of methanogens (36) . The methanogens belonging to the families Methanomicrobiaceae, Methanocorpusculaceae, APPL. ENVIRON. MICROBIOL. (2) The target and nontarget species columns list species which potentially give false-negative and false-positive rcsults, respectively. Target species with mismittchcs between the probe and the corresponding 16S rRNA sequence and nontarget species with zero. one, or two mismatches found by searches using the rRNA data base (24) and the BLAST network service (1 (Fig. 2a) . This value was determined by using M. acetivorans and Methanosaeta concilii as the target organisms, since M. methylutens, which also belongs to the Methancosarcinaceae, has one mismatch with MSMX860. However, the response for M. methlylltens was still appreciable at this temperature, indicating that the 16S rRNA of this organism would be detected by the probe under the specified hybridiza- tion and wash conditions. However, discrimination is possible by using a higher wash temperature (-68°C). (ii) The probe for the Methanococcales (MC1 109) has a Td of 55°C (Fig. 2c) .
Note that the response for M. jannaschii is significantly lower than those for the other two target organisms (the 16S rRNA of M. jannaschii has one mismatch with the MC1 109 probe). In addition, M. jannaschii is a thermophile with an optimum temperature for growth of 85°C (45) and, hence, is not likely to be numerous in mesophilic environments.
An alternative method to determine the optimal wash temperatures for probes MC1109 and MS1414 was examined. Representative results of these elution-based T" studies are shown in Fig. 2d . This method was evaluated for reasons of economy and accuracy. This method is more economical, since fewer replicate slots are necessary. When the amount of reference nucleic acid available is limited, using fewer slots may be an important factor. The coefficient of variation for the hybridization response (triplicate blots) using MagnaGraph nylon membranes can vary between 5 and 45% (34) . Newer membranes (Magna Charge [Micron Separation Inc., Westboro, Mass.] and Immobilon N [Millipore Co., Bedford, Mass.]) that were evaluated after the completion of this study showed significantly lower variability (34) . The high variability associated with the MagnaGraph membranes made it necessary to apply the nucleic acid at least in triplicate and to calculate an average hybridization response for each wash temperature. However, the average hybridization responses for the low temperatures still show a relatively high scattering around the baseline drawn through the average responses at these temperatures (Fig. 2a and c) . In comparison, the elution Tel studies (Fig. 2d) do not show baseline scattering, since all of the values are derived from one slot. However, the same amount of variability is present when the three Td curves for one reference organism are compared, since each of these curves is derived from one of the triplicate slots applied to the membrane. Even so, the elution Td method should provide a more accurate determination, since the difference in curves reflects a difference in the amounts of nucleic acid retained on the membrane and, hence, should not affect the Td value. The Tld values determined by the elution method are in agreement with the earlier determined Td values.
Probe target group specificity. Probe specificities are empirically demonstrated in Fig. 3 and 4 . Each probe was tested against nucleic acids from 22 methanogens and 2 nonmethanogenic Archaea. The 2 Archaea probes (ARC915 and ARC344) hybridized to all 24 Archaea nucleic acids applied to the membranes. Since probe design cannot always eliminate such structures, the influence of formamide on the hybridization of these probes was examined. The addition of formamide to the hybridization buffer lowers the thermal stability of DNA duplexes by about 0.6°C for each 1Cc of formamidc in the hybridization mixture (see reference 22 and references therein). However, the presence of formamide at high concentrations does not lower the thermal stability of RNA-DNA hybrids as much as that of DNA duplexes (8) . This latter property served as the rational for examining the use of formamide with these probes. It was anticipated that the addition of formamide would impair the formation of internal secondary structure within the DNA probes, while still allowing the formation of 16S rRNA-DNA probe hybrids. Some improvement in hybridization response following the inclusion of formamide was evident for probe MS1242 (approximately 30c increase in hybridization response), while the hybridization response for probe MB314 remained virtually unchanged (data not shown).
Use of group-specific probes to identify novel methanogens. The possibility remains that uncultured specics related to the target groups might not be detected by the probes. As more 16S rRNA sequences of methanogenic species become available, additional probes may be required to account for all methanogens. Two recent publications (13, 16) suggest the existence of undescribed Archaea in marine bacterioplankton. Phylogenetic analyses of cloned 16S rDNA sequences revealcd three clusters within the Archaea, but exact phylogenetic placement was uncertain. Both studies suggest the possibility that these organisms are unusual (novel) groups of methanogens. In addition, using antibody probes and immunotechnology, Macario et al. demonstrated that the majority of methanogens found in a number of anaerobic bioreactors wcre antigenically different from those available in culture collections and adopted as references (see reference 26 and references therein). This suggests that the diversity of methanogens in natural and manipulated ecosystems is considerably greater than the number of methanogens currently recognized.
With the expectation of undescribed representatives within Environmental studies. Methane production by methanogens occurs both in the open environment and in anaerobic microbial communities within living organisms (e.g., the digestive tracts of animals, the large bowel of humans, the guts of various insects, wetwood trees, and dental plaques of primates [29] ). It is a process of major importance in the anaerobic treatment of wastewater, solid waste, and sludge in landfills, in aquatic ecosystems (11) , and in petroleum deposits (about 20% of the natural gas deposits are of microbial origin [44] ). Methanogens have also been isolated from oxic marine surface waters (12) .
In apparent contrast to their relatively great phylogenetic diversity, methanogens produce methane only from a limited number of substrates, including acetate, formate, methanol, H2-CO2, some alcohols plus C02, and the methyl groups of amines, sulfides, and selenides (6) . However, their diversity might be better understood in the context of their community ecology. Their obligate anaerobiosis and their relatively restricted nutritional base ensure that methanogens virtually always must exist as components of anaerobic microbial consortia. At present, relationships with other organisms in these consortia are at best superficially understood. For example, hydrogen-consuming methanogens have syntrophic relationships with proton-reducing syntrophic bacteria (10, 15) , acetate-and hydrogen-consuming methanogens may compete with SRB (17, 20, 21, 49) , and hydrogen-consuming methanogens may compete with homoacetogenic bacteria (hydrogenotrophic acetogens [7, 10, 32] ). The use of molecular techniques for the direct study of their population ecology should provide useful insights into the characterization of their participation in a variety of anaerobic communities. (9, 42, 43) could be studied by in situ hybridization techniques.
The characterization of the probes described in the present study was a necessary prelude to the study of methanogens in open environmental systems. We have demonstrated that under appropriate hybridization and wash conditions, the probes were very specific for the target methanogens and did not hybridize to the 16S rRNAs of nontarget methanogens or nonmethanogenic Archaea. Other aspects of the use of these methanogenic probes to study the microbial ecology of anaerobic treatment systems for wastewater, solid waste, sludge, and biofilms are discussed in the accompanying paper (35) .
